Background. Knee valgus load during sports movement is viewed as an important predictor of non-contact anterior cruciate ligament injury risk, particularly in females. Formulating movement strategies that can reduce valgus loading during these movements therefore appears pertinent to reducing anterior cruciate ligament injury rates. With this in mind, the current study examined the relationship between peak valgus moment and lower extremity postures at impact during a sidestep cutting task.
Introduction
Anterior cruciate ligament (ACL) injury is a common and traumatic knee joint injury. Approximately 100,000 ACL injuries occur annually within the United States (Frank and Jackson, 1997) with the majority of these suffered by young healthy individuals. Approximately 70% of ACL injuries occur via a non-contact episode, typically during execution of jump-landing, pivoting or cutting movements (Agel et al., 2005) . The well-documented increase in sports-related ACL injury rates occurring in females compared to males is particularly disturbing (Arendt and Dick, 1995; Griffin et al., 2000) . Established links between ACL injury and osteoarthritis (Maletius and Messner, 1999) further compound this problem, suggesting that a large number of female and male athletes will incur significant knee joint degeneration at a relatively young age. A reduction in sports participation is 0268-0033/$ -see front matter Ó 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.clinbiomech.2005.05.007 obviously not the solution to reducing ACL injury rates. Rather, effective prevention through an understanding of the underlying causal factors is essential.
Abnormal or altered neuromuscular control in women during sports movements is viewed as a primary extrinsic contributor to their increased risk of ACL injury compared to males (Griffin et al., 2000; Ireland, 2002) . Neuromuscular control effects during these movements, such as that stemming from altered muscular strength, recruitment and timing, manifest and are clearly evident within subsequent joint motions and loads (Griffin et al., 2000; Hewett et al., 2005; Huston and Wojtys, 1996; Lephart et al., 2002) . As a result, gender differences in these parameters have been evaluated extensively to identify potential underlying neuromuscular mechanisms of sports-related ACL injury (Chappell et al., 2002; Decker et al., 2003; Ferber et al., 2003) . Recently, Hewett et al. (2005) has shown prospectively, that a larger knee valgus moment during jump-landing tasks predicts ACL injury risk in young female athletes. Females are also known to exhibit larger knee valgus loads than males during similar movements (Chappell et al., 2002) . Minimizing knee valgus moments during sports movements therefore, appears crucial to the prevention of ACL injuries, particularly in women.
Recent studies have shown that training programs focusing on successful modification of altered or abnormal joint motions may reduce the risk of ACL injury (Hewett et al., 1996 (Hewett et al., , 1999 Myklebust et al., 2003; Olsen et al., 2005) . Despite these programs continuing to grow both in number and complexity however, ACL injury rates and in particular the gender disparity in these rates, have remained constant (Agel et al., 2005) . The ultimate success of these programs may currently be limited by a lack of knowledge pertaining to which joint postures are indeed high-risk. It is increasingly recognized that extreme knee loading scenarios may stem from abnormal joint motions beyond the knee joint (Ireland, 2002; McLean et al., 2004a; Zeller et al., 2003) . Stance phase valgus loading during sidestepping movements was shown in a computational model for example, to be particularly sensitive to lower limb postures at initial contact (McLean et al., 2003 (McLean et al., , 2004b . With this in mind, determining associations between initial contact joint postures and valgus loading, especially those amenable to targeted intervention would afford more effective prevention of non-contact ACL injuries in the future. Furthermore, identifying the extent to which such associations are dependent on gender may reduce the current disparity in ACL injuries between men and women.
The primary purpose of the current study therefore, was to evaluate the relationship between lower limb joint posture at initial contact during sidestepping and the subsequent peak valgus moment. A second purpose was to examine the potential for gender specificity in these relationships.
Methods

Subjects
Twenty National Collegiate Athletic Association (NCAA) division I basketball players (10 males and 10 females) were recruited for the purpose of the current investigation. Prior to experimentation, approval for the research was gained through the Institutional Review Board of the Cleveland Clinic Foundation and written informed consent for all subjects was obtained. Subject inclusion in the study was based on no history of operable lower limb joint injury. A summary of subject characteristics is presented in Table 1 .
Procedures
For each subject, three-dimensional (3D) lower limb kinematic, and 3D ground reaction force data were recorded for the right (contact) leg during the execution of ten sidestep cutting maneuvers. A successful sidestep trial necessarily required the contact phase of the movement to occur in the center of a force plate (AMTI OR6-5 #4048, Advanced Mechanical Technology Inc, Watertown, MA, USA), within the field of view of a six-camera high-speed (240 fps) motion analysis system (Motion Analysis Corp Ò , Santa Rosa, Ca, USA). Approach speeds were required to fall between 4.5 m s À1 and 5.5 m s À1 (McLean et al., 2004a) .
Cutting angles were required to be between 35°and 55°from the original direction of motion, with this range demarcated (with tape) by lines on the floor, originating at the center of the forceplate (Fig. 1 ). Subjects were required to continue running following sidestep execution for approximately five steps, with a trial deemed successful if the initial foot contact following the cutting action fell within this prescribed range.
Data collection
For each subject, nineteen reflective markers of diameter 24 mm were secured with strapping tape to predefined anatomical locations (Fig. 2 ). Attachment sites were first shaved and attachment over areas of large muscle mass was avoided in order to reduce excessive marker movement. A static trial was initially recorded via the high-speed video system with the subject stand-ing in the neutral position (McLean et al., 2004a) . The left and right anterior superior iliac spine (ASIS), medial femoral condyle and medial and lateral malleoli markers were then removed prior to the recoding of movement trials (see Fig. 2 ).
Data analyses
From the standing trial, a kinematic model was generated by defining five skeletal segments (foot, talus, shank and thigh of the support limb, and the pelvis) and 14 degrees of freedom (DoF) using Mocap Solver 6.17 (Motion Analysis Corp., Santa Rosa, California), as presented in detail previously (McLean et al., 2004a) . The pelvis was assigned six DoF relative to the global (laboratory) coordinate system, with the hip, knee and ankle joints defined locally and assigned three, three and two rotational DoF, respectively (Fig. 3 ). The 3D marker trajectories recorded during each sidestepping trial were then processed by the Mocap Solver Success was based on the stance phase occurring on a force plate, within the field of view of a high-speed video system. . For the kinematic model, pelvis (body) motion was described with respect to the global (lab) coordinate system via three translational and three rotational degrees of freedom. The hip, knee and ankle joints were defined locally and assigned three, three and two rotational DoF, respectively. software to solve for the fourteen DoF of the skeleton model at each time frame. These and the 3D ground reaction force (GRF) data were low-pass filtered with a cubic smoothing spline at an 18 Hz cut-off frequency (Woltring et al., 1985) . For each trial, the velocity of the X coordinate (direction of motion) of the greater trochanter marker was also calculated over the 10 3D video frames recorded prior to foot contact and was used to calculate approach velocity.
Three-dimensional intersegmental forces and moments were obtained by submitting the filtered kinematic and GRF data to a conventional inverse dynamics analysis (Winter, 2005) . Segment inertial characteristics were defined in accordance the work of de Leva (1996) . The 3D intersegmental force at the knee was transformed to the tibial reference frame to obtain anterior-posterior, medial lateral, and compression-distraction forces. Intersegmental moments were expressed as flexion-extension, varus-valgus and internal-external rotation moments with respect to the cardanic axes of the knee joint coordinate system (Grood and Suntay, 1983) . Joint loads represented the external loads applied at the knee joint. For instance, the term ''knee valgus moment'' is used for an external load that acts to move the knee into a valgus posture. Kinetic data were timenormalized to 100% of stance, with heel strike and toe-off being defined as the instant when the vertical GRF first exceeded and went below 10 N, respectively.
Statistical treatment
Hip (n = 3), knee (n = 3) and ankle (n = 2) angles exhibited at initial contact, and the resultant normalized (mass · height) peak stance phase knee valgus moment were determined for each trial. Normalized peak valgus moment data were submitted to a two-sample t-test to examine for the effect of gender. Intra-subject correlation coefficients between each of the eight initial joint angles and the normalized valgus moment were then computed across the ten sidestepping trials. The slopes (n = 8) of each subjectÕs linear regressions were similarly submitted to a two-sample t-test to first determine whether mean slope values were significantly different from zero and for the main effect of gender. For all statistical analyses, an alpha level of P = 0.05 was used to test for statistical significance.
Results
All subjects demonstrated a noticeable peak in stance phase knee valgus moment during sidestepping trials, with this peak typically occurring during the first 20% of stance. Normalized peak valgus moment was significantly (P < 0.05) larger in females (0.63 (0.20) N m kg À1 m À1 ) than in males (0.42 (0.11) N m kg À1 m À1 ) (Fig. 4) .
Normalized peak valgus moment was correlated with initial contact hip flexion-extension, hip internal-external rotation and knee varus-valgus, with each correlation yielding a mean slope that was significantly (P < 0.05) different from zero (Table 2) . Specifically, Fig. 4 . Effect of gender on mean (±SD) normalized (height · mass) external knee valgus moment demonstrated during sidestep stance. Table 2 Gender comparisons of mean (SD) slope and r 2 values obtained for correlations between initial contact kinematic variables and normalized (mass · height) resultant peak stance phase knee valgus moment (N m kg À1 m À1 ) during sidestep cutting maneuvers higher peak valgus loading was associated with higher initial hip flexion, hip internal rotation and knee valgus positions, respectively (Fig. 5 ).
Correlations between normalized peak valgus and both hip internal-external and knee varus-valgus rotations yielded mean slope values that were significantly greater in females compared to males. Thus for each case, peak valgus in females was significantly more sen-sitive to initial contact postures than in males, with small changes in these initial values resulting in relatively large changes in the valgus moment (see Table 2 , Fig. 5 ).
Discussion
Effective prevention of non-contact ACL injuries relies on successful modification of at-risk lower limb biomechanics during sports movement execution (Hewett et al., 1999 Lephart et al., 2002) . The current study examined the relationship between lower limb joint kinematics at initial contact during sidestepping movements and the subsequent peak knee valgus moment to elucidate potential associations between these factors and ACL injury risk.
Knee varus-valgus moment patterns observed during sidestep stance were consistent with those reported previously for the same movements (Besier et al., 2001) . Valgus moment data in that study were reported for male subjects only, and were averaged over and reported for three discrete stance phase intervals, making direct comparisons to current data difficult. If we average our male data over the same approximate stance phase intervals however, we do see mean valgus moments of similar magnitudes to those reported by Besier et al. (2001) , particularly during early stance. Worth noting is that average valgus moments for our female subjects appear to be much higher during this same early stance phase (see Fig. 4 ). This discrepancy between genders may an important contributor to ACL injury risk and is examined further below.
Females in the current study had significantly larger normalized peak valgus moments than males during the sidestepping movements. This result provides the first evidence of a gender difference in valgus loading for sidestep cutting, and is consistent with previous observations in other sport movements, such as running (Ferber et al., 2003) and jump-landing tasks (Chappell et al., 2002) . It is also consistent with previous sidestep kinematic studies, in which females similarly had larger knee valgus motions (Malinzak et al., 2001; McLean et al., 2004a) . Valgus loads and motions during lumplanding tasks have recently been shown prospectively to predict ACL injury risk in female athletes . Although we do not have similar prospective data, it is possible that increased knee valgus during normal sidestepping movements may also be a predictor of ACL injury risk, with this risk being more pronounced in women.
Peak knee valgus moment was associated with initial contact hip flexion and internal rotation position during sidestep movements, with this association being particularly strong in the latter. Hip neuromuscular control has been suggested previously to influence resultant knee valgus motions and loads exhibited during single-leg squat Fig. 5 . Associations between peak knee valgus moment demonstrated during sidestep stance and isolated initial contact lower limb kinematic parameters (hip flexion-extension, hip internal-external rotation and knee varus-valgus) as a function of gender. Regression lines are calculated for each subject based on data obtained over ten sidestep cutting trials. (Zeller et al., 2003) and running tasks (Ferber et al., 2003) . The association between isolated hip angles and valgus loading however was not investigated explicitly in either case. Selective activation of medial lower limb muscle groups has been observed previously for sidestepping tasks, as a means to counter the relatively large external valgus loads simultaneously applied to the knee joint (Besier et al., 2003; Lloyd and Buchanan, 2001; Zhang et al., 2001) . Increased hip internal rotation and/or flexion at initial contact therefore, may compromise the ability of medial muscle groups to adequately support resultant knee valgus loads. We did not control for initial kinematic conditions during the current study and hence it is impossible to elucidate a cause and effect relationship between these variables and peak valgus moment. Forward dynamic simulations of sidestepping movements in which initial kinematic conditions can be selectively modified would provide further insight here (McLean et al., 2003 (McLean et al., , 2004b . Regardless however, there appears to be a direct link between peak valgus moment and hip flexion and internal rotation position during sidestepping. Further work is now necessary to precisely identify the underlying mechanism of such a link.
Valgus moment was more sensitive to changes in initial hip internal-external rotation angle in females, compared to males. Gender differences have been observed previously in hip and knee joint angles and loads for other dynamic movement tasks such as running (Ferber et al., 2003) and jump landing (Salci et al., 2004) . Potential associations between these factors were, however, not investigated. Decreased hip muscle strength and endurance, and altered muscle activation timing and recruitment, such as increased quadriceps dominance, have been observed previously in females compared to males during dynamic movements (Huston and Wojtys, 1996; Ives et al., 1993; Zeller et al., 2003) and have been suggested to predispose females to various knee joint injuries (Ireland, 2002; Hutchinson and Ireland, 1995) . It may be therefore, that women are required to land with more consistent hip motions compared to males during sidestepping to compensate for these neuromuscular differences. This idea appears further substantiated by recent findings that females have less hip internal-external rotation variability than males during sidestepping (McLean et al., 2004a) . We did not currently assess muscle strength and/or recruitment patterns and hence the relationship between these parameters and valgus loading as a function of gender remains largely speculative.
It is worth noting that while statistically significant differences were observed in mean regression slope data between males and females, reasonable between-subject variations in these data were evident in both gender groups (see Fig. 5 ). Some males for instance, demonstrated valgus moments that also appeared particularly sensitive to initial contact hip rotation angles, and may thus similarly be at increased risk of potentially hazard-ous valgus moments. Conversely, some females appear to be at a decreased risk of such an event. If initial contact hip rotation posture is indeed associated with ACL injury risk via a valgus loading mechanism therefore, future screening for such associations should not simply be limited to females. Furthermore, neuromuscular training programs aimed at reducing ACL injury risk via such a mechanism appear well served to focus on enhancing lower limb muscular strength and control in both men and women, particularly at the hip.
The peak valgus moment during sidestepping was also found to be dependent on initial contact valgus angle. This causal link between initial valgus angle and subsequent valgus loading is somewhat intuitive, with an increased valgus angle precipitating an increased valgus moment arm of the GRF at contact. Assuming elastic ligamentous constraints, this would increase subsequent valgus alignment throughout weight bearing, acting in turn to further increase the valgus moment arm of the GRF. This vicious circle of events is similar to the beam buckling mechanism in mechanics and may explain why valgus loads were more sensitive to initial valgus position in females, who typically landed with greater knee valgus than the male subjects (see Fig. 5 ). The increased rotational knee joint laxity in women compared to men (Wojtys et al., 2003; Rozzi et al., 1999) might also be an important contributing factor to this mechanism. The current study did not investigate potential links between structural and neuromuscular factors. Such associations should be considered in future studies as ACL injury prevention may ultimately rely on neuromuscular control adaptations within non-modifiable anatomical constraints.
A potential limitation of this study was that initial contact joint angles were correlated with peak stance phase valgus moment for sidestep tasks performed within a relatively small cutting range. Restricting the cutting range in this fashion may have impacted on the degree of consistency in performing these movements and hence, the strength of these correlations for some subjects. Considering between-trial variations in initial joint angles varied considerably between subjects (see Fig. 5) , this limitation appears possible. As noted earlier however, it may that some subjects must necessarily be more consistent in their initial contact joint postures due the increased sensitivity of the knee valgus moment to these parameters. Regardless, future work may benefit from examining associations between initial joint postures and valgus moment over a wider range of sidestepping movements, or in fact a variety of movement tasks.
Implications for training
In-line with recent research findings, we have chosen to focus on knee valgus moment because of its prospective link with ACL risk . With this in mind, current results suggest that a reduction in valgus loading during sidestep stance can be achieved via modification of hip flexion-extension and internal-external rotation and knee varus-valgus positions prior to ground contact. Specifically ''at-risk'' individuals should be taught to land with less hip flexion and internal rotation and less knee valgus. These alterations appear particularly pertinent to females, whom elicit an increased valgus loading sensitivity to both hip internal rotation and knee valgus positions during sidestepping compared to their male counterparts. Steps must now be taken therefore, to determine precisely how, and perhaps if, these kinematic modifications can be successfully achieved via training. Determining the interaction between knee joint mechanics and ACL loading may also enable neuromuscular control strategies to be developed that accommodate rather than potentially exaggerate ''high-risk'' loading interactions. Finally, while specific neuromuscular changes may indeed reduce the risk of ACL injury during sidestepping via a valgus loading mechanism, their impact on sport-specific performance requirements remains unclear. Initial findings suggest that modification of ''high-risk'' lower limb movement patterns without performance detriment is possible for similar movements (Hewett et al., 1996 (Hewett et al., , 1999 Myer et al., 2005) . However, this relationship needs to be investigated further for various sports movements.
Conclusions
The current study examined the relationship between lower limb kinematics at initial contact during sidestepping and resultant peak stance phase valgus moment as a means of identifying potential associations between these factors and ACL injury risk in males and females. Based on the results of this study, we conclude the following:
1. Females exhibit increased normalized (mass · height) peak valgus moments during the stance phase of sidestepping compared to males. 2. Greater peak valgus moments occur during sidestep stance with concomitantly greater initial contact hip flexion, internal rotation and knee valgus positions. 3. Peak valgus moment during sidestepping is more sensitive to initial contact hip internal rotation and knee valgus excursions in women compared to men. 4. Improved hip neuromuscular control during sidestepping may reduce the likelihood of ACL injury via a valgus loading mechanism, particularly for females.
